We report the development of a powerful analytical method that utilizes a tilted elastomeric pyramidal pen array in the context of a scanning probe lithography experiment to rapidly prepare libraries having as many as 25 million features over large areas with a range of feature sizes from the nano-to microscale. This technique can be used to probe important chemical and biological processes, opening up the field of nanocombinatorics. In a proof-of-concept investigation of mesenchymal stem cell (MSC) differentiation, combinatorial patterns first enabled a rapid and systematic screening of MSC adhesion, as a function of feature size, while uniform patterns were used to study differentiation with statistically significant sample sizes. Without media containing osteogenic-inducing chemical cues, cells cultured on nanopatterned fibronectin substrates direct MSC differentiation towards osteogenic fates when compared to nonpatterned fibronectin substrates. This powerful and versatile approach enables studies of many systems spanning biology, chemistry, and engineering areas.
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nanopatterning | polymer pen lithography | focal adhesions | osteogenesis | stem cell differentiation I t is important to note and distinguish that while the prevailing emphasis in lithography concerns the exact replication of structures across large areas, methods to rapidly generate combinatorial libraries having a tunable gradient of feature sizes with a single, maskless tool would be powerful for systematic investigations in fields spanning biology, materials engineering, and nanotechnology (1). Herein we report the development of a powerful and unique analytical method that utilizes a tilted elastomeric pyramidal pen array in the context of a scanning probe lithography experiment to rapidly prepare libraries having as many as 25 million features over large areas with a range of feature sizes from the nanoto microscale that can be used to probe important chemical and biological processes, opening up the field of nanocombinatorics. In a proof-of-concept investigation of mesenchymal stem cell (MSC) differentiation, combinatorial patterns first enabled a rapid and systematic screening of MSC adhesion, as a function of feature size, while uniform patterns were used to study differentiation with statistically significant sample sizes. Without media containing osteogenic-inducing chemical cues, cells cultured on nanopatterned fibronectin substrates direct MSC differentiation towards osteogenic fates when compared to nonpatterned fibronectin substrates.
Polymer pen lithography (PPL) is a massively parallel directwrite technique that uses an array of elastomeric pyramidal pens to deliver materials (e.g., alkanethiols, proteins) to a surface and generate customizable patterns with feature sizes ranging from the nano-to microscale simply by changing (i) the amount of force applied to the pen array or (ii) the tip-substrate contact time (2) (3) (4) (5) . Indeed, PPL has already been shown to be a high-throughput patterning technique capable of generating arbitrary designs uniformly on a surface. By using a tilted elastomeric pyramidal pen array in the context of a scanning probe lithography experiment, however, one can rapidly prepare combinatorial libraries consisting of millions of structures having a gradient of tunable feature sizes that can be used to probe important chemical and biological processes. This approach opens up the field of nanocombinatorics, as defined by the creation and use of custom libraries with precise control over feature size (nano-to microscale), spacing, pattern design, and composition. Importantly, we demonstrate that such capabilities are enabling and useful for researchers who wish to quickly validate or refute hypotheses in a nanocombinatorial manner and then systematically prototype structures in a high-throughput, straightforward, and low-cost way.
Though the broad field of combinatorics has primarily focused on compositional changes (6) (7) (8) , which can also be achieved using multiplexed PPL (4), altering biophysical parameters such as extracellular matrix protein feature size, spacing, and pattern design in a rapid, low-cost, and robust manner remains challenging for researchers. Given that microcontact printing (9) and PPL both depend on a photolithography step, the initial stamps and pen arrays, respectively, require the same fabrication costs. Microcontact printing stamps and polymer pen arrays, both primarily composed of elastomers [e.g., polydimethylsiloxane, (PDMS)], themselves are inexpensive and cost less per printed pattern with repeated usage. Every time a pattern parameter (e.g., design, feature size, feature spacing) is altered, however, new masks (>$500 for a 4′′ wafer having simple features tens of microns in dimensions, and much more for submicron features) are needed for microcontact printing; moreover, some pattern designs require mechanical support for submicron features (10) or large feature spacings. PPL, on the other hand, takes advantage of high-precision piezoelectric x − y − z positional control offered by scanning probe instruments and the versatility of the elastomeric pen arrays to easily produce a diverse array of pattern designs, feature dimensions, and feature spacings without the need for new masks. This advantage becomes especially important when screening for optimal pattern parameters.
Rather than designing multiple masks for microcontact printing molds or being limited in throughput by serial conventional e-beam lithography, a single inexpensive pen array (square inches in area) in a scanning probe experiment can be easily used in (i) a tilted configuration to generate libraries having tunable combinatorial feature sizes between the nano-to microscale and (ii) a level configuration to prepare homogeneous patterns over large areas that allow quantification of mRNA and protein expression in statistically significant populations of cells ( Fig. 1 A and B) . This approach not only enables qualitative screening of promising structures that affect differentiation, but also quantitative investigation of cell-substrate interactions. Furthermore, it can be generally applied to study myriad fundamental questions not limited to biology.
Recently, it has been observed that environmental factors such as substrate stiffness (11) , topography (12), geometry (13, 14) , and chemical cues (15) can guide stem cell fate. The exact structures and factors that govern such responses, however, are not completely understood (16) . To evaluate the importance and utility of this nanocombinatorics approach in a proof-of-concept system, we have chosen to study human MSC differentiation (17) , where literature has indicated that neurogenic, myogenic, and osteogenic lineages have focal adhesions of different characteristic sizes ranging between the nano-and microscale (11) .
We therefore pose the as-yet unanswered question of whether systematically programming extracellular matrix protein feature size alone might dictate cell fate in the absence of chemical cues from differentiation media. Specifically, we used a scanning probe approach to investigate whether nanometer or micrometer-sized fibronectin features can control MSC fate towards an osteogenic lineage. Fibronectin is an extracellular matrix protein that is known to bind the α 5 β 1 and α V β 3 integrin receptors of cell membranes via an Arg-Gly-Asp (RGD) domain (18) . Upon cell adhesion and spreading, these integrin receptors aggregate and assemble into multimolecular complexes termed focal adhesions, which are involved in cell mechanosensing and mechanotransduction (19) . The work reported herein departs from previous studies (20, 21) which examine how cells differentiate when cultured on electrospun-nanofibers, carbon nanotubes (22), or topographical surfaces (12) , in particular, because immobilized fibronectin on PPL-patterned substrates directly engage MSCs in biochemical and biomechanical interactions that recapitulate a more physiologically representative environment.
Results and Discussion
To pattern substrates, a square-inch PDMS polymer pen array attached to a glass support made according to published methods (2) is coated with a 10 mM ethanolic solution of 16-mercaptohexadecanoic acid (MHA) and blown dry with nitrogen. Afterwards, the pen array is mounted in a scanning probe instrument (XE-150, Park Systems) equipped with a tilt stage and a decoupled x-and y-piezo 100-μm closed loop scanner inside an environmental chamber having humidity control. Commercial lithography software provides customizable control over position, tip-substrate contact time (0.1 to 0.5 s), amount of z-piezo extension (range of approximately 25 μm), and z-piezo extension speed (100 μm∕s) for each feature in a desired pattern. The polymer pen array can be aligned by top-down optical observation of tip deformation using a microscope (2) or force maximization strategies (23) .
The inked pen array is used to pattern monolayers of MHA on an electron-beam evaporated gold substrate (14 nm Au with a 4 nm Ti adhesion layer on #1 cover slip glass). By intentionally tilting the polymer pen array (in this case, approximately 0.01°) relative to the plane of the substrate, it is possible to generate combinatorial patterns having different feature sizes, but the same feature spacing (Fig. 1A, Fig. S1 ). A small section of the patterned substrates is used specifically to confirm pattern quality and feature sizes while the remaining portion is kept for subsequent cell biology experiments. To check pattern quality, a patterned area of the substrate is chemically etched to produce raised Au features representative of the remaining unetched portion of the substrate and which can be visualized by optical or scanning electron microscopy (SEM). Uniform Au feature dimensions ranging from 300 nm to 1.2 μm are fabricated in this manner and observed using SEM (Fig. 1A, Fig. S2 ). The remaining unetched patterned substrate is passivated using a 1 mM ethanolic solution of hexa(ethylene glycol)-undecanethiol for 1 h at room temperature to reduce nonspecific protein adsorption (Fig. 1C) . The substrate is rinsed with ethanol and dried with nitrogen before immersion in a 10 mM ethanolic solution of cobalt nitrate for 30 min at room temperature. In this step, cobalt Scheme of a tilted polymer pen array, which can be used to generate combinatorial libraries. Below, there are SEM images of raised Au features created after chemical etching MHA patterns from a single substrate. Within this one substrate, a range of feature sizes (widths of 475 nm, 1.2 μm) can be generated by tilting the polymer pen array just 0.01°across the overall width of the patterned area of 1.8 cm. Because the pen array is attached to a piezoelectric scanner in a scanning probe instrument, it is possible to control the pattern design (e.g., square pattern with 2 μm pitch). (B) Scheme of a level polymer pen array, which can be used to generate homogeneous features. Below, there are also SEM images of raised Au features after chemical etching MHA patterns from a single substrate. (C) Scheme for immobilizing fibronectin in desired patterns beginning with PPL patterning of MHA on Au substrates. Then, hexa(ethylene glycol)-undecanethiol is used to passivate nonpatterned areas before fibronectin is adsorbed to MHA features. MSCs are subsequently cultured on these fibronectin patterned substrates. (D) AFM topography image of patterned substrates after fibronectin immobilization, showing that a monolayer of protein (height of ∼2.2 nm) is adsorbed. The corresponding AFM phase image shows that each MHA feature is completely covered with adsorbed fibronectin.
cations are chelated by the carboxylic acid groups in MHA, which enable selective orientation of fibronectin such that it does not affect the cell-binding domain of the protein (24) . A single and dense layer of human fibronectin is immobilized on the patterned substrates to provide defined regions of potential integrin engagement (Fig. 1D) . Given that an "adhesive unit" of approximately 60 nm has at least four clustered integrin heterodimers, fibronectin features having diameters of 300 nm and 1 μm could support contact of at least 100 to 1,400 integrins, respectively (25) .
To begin, we tilted a single elastomeric pen array (square inches in area) relative to the substrate for creating combinatorial patterns having a range of nano-to microscale feature sizes (Fig. 1A, Fig. S1 ). The combinatorial patterns can be used to qualitatively investigate cell adhesion and osteogenic marker expression in individual MSCs by immunofluorescence (Fig. S3) . We identified that even when the total projected cell area is held constant at 3;600 μm 2 (square pattern of 60 × 60 μm), the total fibronectin contact area per cell controls MSC adhesion. When a MSC attaches to 182 μm 2 of immobilized fibronectin, it is not fully spread on the patterned regions, whereas at 248 μm 2 of fibronectin, it covers the entire 60 × 60 μm pattern. These results are consistent with previous observations where capillary epithelial cell survival requires large projected cell areas and a minimum level of fibronectin contact area (26) (Fig. 2A, Fig. S4 ). Importantly, total fibronectin contact area was held constant at 225 μm 2 for both 1 μm and 300 nm feature sizes by controlling the feature density per 60 × 60 μm square pattern; specifically, the 1 μm features were made in a 15 × 15 array with a 4 μm spacing and the 300 nm features were made in a 50 × 50 array with a 1.2 μm spacing. MSCs were seeded on these substrates (Fig. 2B ) and cultured in normal growth media or osteogenic media (OM) containing chemical factors such as ascorbic acid, β-glycerophosphate, and dexamethasone, a critical component known to induce osteogenesis (27) . With this approach, large area homeogeneous patterns can be used to quantitatively measure the expression of osteogenic markers at the mRNA and protein levels across entire cell populations.
In these experiments, a 1.8 × 1.8 cm 2 pen array having 10,000 pens (spacing between pens ¼ 180 μm) was used to prepare patterned substrates. The distance between pens within an array can be easily modified by using different pen molds (Fig. S5) . Given that each pen only makes one pattern, 10,000 patterns are made on a substrate; the 180 μm pattern separation corresponds to a density of approximately 3;000 patterns∕cm 2 . If a single cell occupies every pattern, the cell density remains about 3;000 cells∕cm 2 ; MSCs seeded at this density do not contribute to cell density-dependent observations of osteogenic differentiation (13, 27) . When each pen in a 10,000 pen array prints a single pat- (OCN) , and (E) corebinding factor α (CBF-α) normalized to GAPDH levels. For each gene of interest, samples were also normalized to the negative control: no pattern, OM−. Results are presented as the mean AE standard deviation, n ¼ 3, statistics were conducted using Student's two-tailed t-test where asterisks indicate statistically significant differences relative to the negative control (no pattern, OM−): *p < 0.05, **p < 0.01. (F) WB results for ALP and CBF-α. GAPDH was used as a loading control.
tern spanning 60 × 60 μm (15 × 15 array of 1 μm MHA features spaced 4 μm apart or 50 × 50 array of 300 nm MHA features spaced 1.2 μm apart), 2.25 to as many as 25 million individual features are generated on a substrate in about 5 and 25 min, respectively. Rather than only relying on time-dependent ink diffusion from the tip as with conventional dip-pen nanolithography (3, 28) , PPL can rapidly access large features (>1 μm) so that substrate preparation is not prohibitively time-consuming for subsequent experiments. Importantly, PPL itself allows one to prepare any custom pattern comprised of complex nanoscale to microscale features and is not limited to the relatively simple square arrays used in this study.
After one week of growth on the patterned substrates, the levels of osteogenic markers expressed by the MSCs were analyzed using quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR), Western blotting (WB), and immunofluorescence (IF) confocal microscopy. Following qRT-PCR analysis, cells grown on fibronectin patterns with 300 nm features in the absence of OM demonstrated a statistically significant increase in the expression levels of the osteogenic markers ALP, OCN, and CBF-α when compared to the negative controlcells grown on nonpatterned, uniformly coated fibronectin substrates ( Fig. 2 C-E) . Though the total surface area of fibronectin presented to the cells was held constant, the 1 μm feature sizes exhibit modest increases in the expression levels of the tested osteogenic markers. Surprisingly, the cells grown on patterns consisting of 300 nm feature sizes expressed increased levels of OCN and CBF-α relative to the positive control-cells grown on nonpatterned fibronectin substrates in the presence of OM (Fig. 2) . The combination of patterned substrates with OM, however, led to a decrease in expression of osteogenic markers for OCN, CBF-α, and ALP (Fig. 2) , which may be explained by a previous study (27) that showed a biphasic dependency of osteogenic marker expression on dexamethasone concentration. Below and above 10 nM dexamethasone, ALP activity levels decreased (27) . To confirm that trends in protein levels match mRNA results, osteogenic markers were measured by WB (Fig. 2F, Table S1 ) and IF (Fig. 3) . Consistent with the qRT-PCR findings, protein levels of MSCs cultured in the absence of OM showed increased osteogenic marker expression (ALP and CBF-α) especially for substrates having 300 nm features, but also those having 1 μm features. It is worth noting that though the addition of OM decreased mRNA levels of CBF-α in patterned substrates (1 μm and 300 nm, Fig. 2E ), protein amounts from these samples remain comparable to cells cultured on patterned substrates without OM (Fig. 2F) . Indeed, CBF-α mRNA and protein levels may not directly reflect similar trends because of posttranscriptional gene regulation that govern mRNA stability (29) , posttranslational protein modifications that activate the transcription factor (30) , and protein half-life (31) .
Though the mechanism by which cells transduce environmental signals is not well understood, it has been observed previously that focal adhesions assemble into a range of sizes depending on the lineage of MSC differentiation (11) . The work discussed herein not only provides a general tool for systematically studying populations of MSCs, but also demonstrates that nanoscale fibronectin patterns increase the expression of osteogenic markers in MSCs over microscale features. In order to address the potential mechanism by which osteogenesis may be occurring, we investigated focal adhesion formation and focal adhesion kinase (FAK) phosphorylation. Specifically, auto-phosphorylation of FAK at tyrosine-397 occurs during cell adhesion and spreading in response to integrin engagement and clustering (32) , which is important for interactions that activate downstream pathways involving Src-family nonreceptor tyrosine kinases and extracellular signal-regulated kinase (ERK) proteins in somatic cells (Fig. 4A) . In MSCs it has been observed that FAK phosphorylation, which can occur within hours and remain abundant for days, is necessary for and precedes osteogenic marker expression (e.g., CBF-α), which can occur after several days and increase in the following weeks of cell differentiation (33) . Consistent with qRT-PCR and WB analysis at the one week time point, it is possible to measure the relative amount of phospho-FAK to FAK by enzyme-linked immunosorbent assay (ELISA). The ratio of phospho-FAK to FAK, however, is over 1.5 times greater for patterned samples (1 μm and 300 nm features) both in the absence and presence of OM (Fig. 4B ) as compared to the negative control (OM− NP). Furthermore, the relative amount of phospho-FAK to FAK for the 300 nm-feature substrates without OM exceeded the positive control (OMþ NP), which likely contributes to the observed increase in the previously noted osteogenic markers. Consistent with the observed increases in osteogenic marker expression, the 300 nm features induce more FAK phosphorylation than the 1 μm patterns. Importantly, the amount of FAK across all samples is statistically equivalent (Fig. 4B) .
In the absence of OM containing chemical factors, we observe that patterned fibronectin substrates direct MSC differentiation towards osteogenic fates when compared to nonpatterned fibronectin substrates. Furthermore, substrates having nanoscale features, optimized through the nanocombinatorics approach, are more effective at inducing osteogenesis than microscale features, and for certain biomarkers, even more effective than the given OM. Though observations of how programmed extracellular matrix feature size controls MSC fate are important from a biological standpoint, the impact of this unique nanocombinatorics tool will extend beyond the study of stem cell differentiation. The straightforward, massively parallel approach uses an elastomeric pen array in a tilted configuration at the point-of-use to rapidly generate custom libraries with a tunable gradient of feature sizes to systematically screen nanostructures, study large populations of cells, and address important fundamental scientific questions. Indeed, one can imagine using this approach for a variety of substrates to generate biochemical gradients (e.g., having different feature sizes and spacings across a substrate, changing biomolecule concentration using multiplexed PPL) or probe multivalent interactions in the context of many biological systems, including cancer cell metastasis, neuron signalling, embryonic development, or tissue engineering, among other potential structure-function relationships in chemistry, materials engineering, and nanotechnology areas.
Materials and Methods
Substrate Preparation. Glass coverslips (Fisher) were rinsed in pure ethanol and dried under a stream of N 2 . They were mounted in an electron-beam evaporator (Lesker) and when vacuum reached 2 × 10 −7 mTorr, 4 nm of Ti and 14 nm of Au were evaporated. Polymer pen arrays were prepared using conventional photolithography techniques according to published methods (2) . Each pen array was oxygen plasma cleaned at 200 mTorr on medium power for 2 min. Arrays were then coated with a 10 mM MHA solution (in ethanol) and spuncoat for 30 sec at 1,000 rpm. After mounting the Au substrate and pen array on a scanning probe lithography instrument (Park Systems), the chamber relative humidity was held at 45% for patterning. The scanning probe lithography instrument stage can be tilted and aligned with the pen array according to established procedures (2, 23) . Note that for 300 nm features, deformation can be observed by slight contrast changes in the pens. Patterns were programmed in the instrument with tip-substrate contact times ranging from 125 ms to 1 s for 300 nm and 1 μm features, respectively. Feature size and quality can be confirmed by sacrificing a portion of the substrate, etching Au in the unpatterned areas with a mixed aqueous solution of 13.3 mM FeðNO 3 Þ 3 · 9H 2 O and 20 mM thiourea, and observing the results under an optical or scanning electron microscope.
After patterning, the Au substrates were immersed in a 1 mM 1-mercapto-11-undecyl hexa(ethylene glycol) solution in ethanol (Asemblon) for at least 1 h to reduce nonspecific protein adsorption. The substrates were then immersed in a 10 mM CoðNO 3 Þ 2 solution in ethanol (Sigma) for at least 30 min. After rinsing with pure ethanol and drying with N 2 , the substrates were exposed to 25 μg∕mL of human plasma fibronectin (Millipore) in phosphatebuffered saline (PBS) and shaken overnight at 4°C.
Cell Culture. Human MSCs (Lonza) were cultured at 37°C with 5% CO 2 in MSC growth medium that was supplemented with MSC growth supplement (Lonza), L-glutamine (Lonza), and gentamycin sulfate amphotericin-1 (Lonza). The cells were used before passage 2. For chemical induction of differentiation, cells were cultured in osteogenic media (Lonza), which is MSC growth medium supplemented with dexamethasone, ascorbate, MSC growth supplement, L-glutamine, penicillin/streptomycin, and β-glycerophosphate (Lonza). Approximately 10,000 cells were seeded per substrate (1.8 × 1.8 cm 2 ), which corresponds to about 3; 000 cells∕cm 2 .
Quantitative RT-PCR. Cells were harvested after one week of growth, and total RNA was extracted using TRIzol reagent (Invitrogen) following manufacturer's recommended protocol. Approximately 1 μg of RNA was then Table 1 .
Protein Extraction and WB. For WB, cells were collected one week after seeding on the substrates and lysed in mammalian cell lysis buffer (Thermo Scientific) containing protease and phosphatase inhibitor (Thermo Scientific).
Proteins from the total cell lysates were run on a 4-15% precast polyacrylamide gradient gel (Bio-Rad), transferred to nitrocellulose membranes, blocked in 1% (wt∕vol) casein in TBS, and blotted with primary antibodies for CBF-α (1∶200) (Santa Cruz Biotechnology), alkaline phosphatase (1∶200) (Santa Cruz Biotechnology), GAPDH (1∶200) (Santa Cruz Biotechnology) and anti-mouse/rabbit IgG-AlexaFluor-680 (1∶5;000) secondary antibodies (Invitrogen). The blots were imaged using the Odyssey® Infrared Imaging System (LI-COR Biosciences) and quantified using ImageJ.
Immunofluorescence and Confocal Microscopy. Cells cultured on substrates were fixed in 3.7% paraformaldehyde/PBS for 15 min and then gently washed three times with PBS. Cells were permeabilized using 0.1% Triton X-100 in PBS solution with 2 mg∕mL of bovine serum albumin for 1 min before immersing in the primary antibody solution (rabbit anti-ALP, Santa Cruz Biotechnology) in PBS overnight at 4°C on a shaker. Samples were gently washed three times with PBS before incubation with the secondary antibody solutions (Invitrogen, AlexaFluor488-conjugated goat anti-rabbit) for 1 h at room temperature. AlexaFluor568-labeled phalloidin (Invitrogen) was used according to manufacturer's instructions for actin staining. Samples were gently washed three times in PBS and then water before mounting onto glass slides using ProLong Gold antifade reagent with DAPI (Invitrogen). Cells were imaged using a Nikon C-Si inverted laser confocal microscope.
ELISA. Commercial ELISA kits for FAK and phospho-FAK (Millipore) were used according to manufacturer's instructions.
Supporting Information Giam et al. 10 .1073/pnas.1201086109 Fig. S1 . Gradient of feature sizes generated by tilting a pen array 0.01°. Tilting the pen array allows one to prepare substrates where patterned features are of different sizes (from 3.7 μm to approximately 700 nm) across the substrate. Fig. 2A . The patterns were made using a pen array having a 80 × 80 μm pen spacing and labeled with mouse anti-fibronectin antibody and AlexaFluor488-conjugated goat anti-mouse IgG. 
